This report summarizes work concerning the exercise pressor reflex performed in my laboratory over the past 20 years or so. It is part of a symposium held to celebrate the 40th anniversary of two publications by Dr Jere Mitchell that appeared in The Journal of Physiology. For the most part, this report concerns itself with the discharge properties of group III and IV muscle afferents. Particular attention has been paid to their responses to arterial injection of putative metabolic byproducts of muscular contraction as well as their responses to both static contraction and dynamic exercise.
This symposium celebrates the 40th anniversary of the publication of two manuscripts (Goodwin et al. 1972; , which have had an enormous impact on the field of neural control of the circulation during exercise. One of these manuscripts, namely that by , has formed the foundation of my research programme for the past 30 years. Specifically, this manuscript provided important and convincing evidence that thin fibre muscle afferents (i.e. groups III and IV) comprised the afferent limb of the exercise pressor reflex arc . The manuscript also showed that that the thickly myelinated muscle afferents (i.e. groups I and II) played no role in evoking the reflex.
The findings reported by paved the way for researchers in my laboratory to describe the discharge properties of the group III and IV muscle afferents whose stimulation by muscle contraction evoked the exercise pressor reflex. Dr Jere Mitchell contributed substantially to our efforts, and his encouragement, support and scientific input will always be greatly appreciated. In our first paper , we recorded the impulse activity of thin fibre afferents innervating the triceps surae muscles of barbiturateanaesthetized cats. We found that group III afferents, which innervated the triceps surae muscles and which conducted impulses at a velocity between 2.5 and 30 m s −1 , were stimulated by mechanical stimuli, such as lightly stroking or squeezing their receptive fields or stretching the calcaneal tendon. In contrast, we found that group IV afferents, which also innervated the triceps surae muscles but conducted impulses at less than 2.5 m s −1 , were not stimulated by the same non-noxious mechanical stimuli that stimulated group III afferents. Frequently, we found that the only 'mechanical stimulus' that was effective in discharging these unmyelinated (i.e. group IV) afferents was noxious pinch. Although a static contraction lasting 40-60 s stimulated both populations of thin fibre afferents, their response patterns were very different. Group III afferents often fired with an explosive burst of impulses at the onset of contraction and then decreased their discharge as the triceps surae muscles decreased their tension, which was interpreted as fatigue. Group IV afferents, in contrast, often did not fire at the onset of contraction, but usually had a response latency of 5-30 s and often continued to discharge as the triceps surae muscles fatigued Fig. 1) .
In recent studies, we further showed the difference in mechanical sensitivity between group III and IV muscle afferents with gadolinium, a lanthanide which has been shown in a variety of tissues to block mechanogated channels. To be specific, we found that gadolinium blocked the responses of group III afferents to static contraction and tendon stretch, but had no effect on the responses of group IV afferents to these stimuli. We also showed that gadolinium, which was injected into the arterial supply of the hindlimb muscles of decerebrated cats, had no effect on the responses of these thin fibre afferents to capsaicin (Hayes et al. 2009 ). In addition, gadolinium was shown to attenuate the exercise pressor reflex as well as to attenuate the mechanoreceptor component of the renal sympathetic nerve response to contraction (Kim et al. 2007 ).
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Exp Physiol 97.1 pp [51] [52] [53] [54] [55] [56] [57] [58] Our finding that group IV afferents were not sensitive to mechanical stimuli and responded to static contraction with relatively long-onset latencies led us to postulate that these unmyelinated afferents were being stimulated by the production of metabolic byproducts of muscular work. We tested this hypothesis in barbiturate-anaesthetized cats by comparing the responses of thin fibre afferents to static contraction while the triceps surae muscles were freely perfused with the responses of these afferents to contraction while the arterial blood supply to the triceps surae muscles was occluded. We reasoned that occluding the blood supply to the contracting muscles would create a mismatch between blood/oxygen supply and demand and would, in turn, generate metabolic byproducts indicative of an ischaemic state in the working muscles. We found that circulatory occlusion increased the responses of about 50% of the group IV afferents to static contraction, whereas occlusion increased the responses of only 12% of the group III afferents to contraction. The difference in percentages between the two populations of afferents was statistically significant (Kaufman et al. 1984) . The findings reported from the above two papers (Kaufman et al. , 1984 have led to the conclusion that group III afferents function primarily as mechanoreceptors, whereas group IV afferents function primarily as metaboreceptors.
The dichotomy in discharge properties displayed by group III and IV muscle afferents is more complicated than it appears at first glance. Specifically, although group III afferents respond to non-noxious mechanical distortion of their receptive fields that occurs during contraction, their sensitivity to this stimulus is influenced by the chemical milieu surrounding their endings. For example, increasing the levels of cyclo-oxygenase metabolites of arachidonic acid makes group III afferents more responsive to contraction (Rotto et al. 1990b) ; likewise, decreasing these levels can make them less responsive to contraction (Rotto et al. 1990a) . Moreover, group III as well as group IV afferents can be stimulated directly by injections of exogenous substances believed to be metabolic byproducts of static contraction. These substances include lactic acid, bradykinin, arachidonic acid and its cyclo-oxygenase metabolites, as well as ATP Rotto & Kaufman, 1988; Hanna & Kaufman, 2004) .
Recently, we have paid particular attention to the role played by ATP and lactic acid in the generation of the exercise pressor reflex in decerebrated unanaesthetized cats. Both substances are known to be released by contracting skeletal muscle (Bockman, 1983; MacLean et al. 1998 ) and both when injected into the arterial supply of skeletal muscle evoke a pressor reflex (Rotto et al. 1989; Hanna et al. 2002) . ATP activates purinergic (P) 2 receptors, which when blocked by PPADS, markedly attenuated the exercise pressor reflex in both decerebrate and chloralose-anaesthetized cats (Hanna & Kaufman, 2003) . Blockade of P1 receptors, whose natural agonist is adenosine, had no effect on the exercise pressor reflex (Hanna & Kaufman, 2003) . In humans, injection of adenosine into the arterial supply of the leg does not evoke a reflex increase in arterial blood pressure until sufficient time has passed for this agent to circulate to the carotid chemoreceptors (MacLean et al. 1997) .
The P2 receptors are divided into two categories, P2X and P2Y; the former but not the latter are likely to be responsible for evoking the exercise pressor reflex (Hayes et al. 2008a) . Moreover, ATP acting through P2X receptors is partly responsible for evoking both the mechanical and the metabolic components of the exercise pressor reflex. Specifically, blockade of the P2X3 receptor attenuated the Figure 1 . Graphs showing the responses of a group IV metaboreceptor and a group III mechanoreceptor to static contraction, the period of which is depicted by the filled horizontal bar Note that the metaboreceptor responded to contraction with a latency of about 10 s, whereas the mechanoreceptor responded almost instantaneously. Discharge rate is indicated on the vertical axis and time is indicated on the horizontal axis. Adapted from Kaufman et al. (1983) , with permission. metabolic component of the reflex, and it is likely that other P2X receptor subtypes, such as the P2X5, also play a role in part of the exercise pressor reflex (Birdsong et al. 2010) . ATP has been shown to sensitize group III mechanoreceptors (Kindig et al. , 2007a as well as to stimulate group IV metaboreceptors (Kindig et al. 2007b) .
Lactic acid activates the acid-sensing ion channel 3, which is found on group III and IV afferents. Using cats, we found that that blockade of this channel by amiloride, a non-specific antagonist, or A-317567, which is selective for acid-sensing ion channels, attenuated the exercise pressor reflex, which was evoked by static contraction of the hindlimb muscles (Hayes et al. , 2008b . More recently, we found that another specific acid-sensing ion channel 3 receptor antagonist, APETx2 (Tsuchimochi et al. 2011) , attenuated the exercise pressor reflex in decerebrated rats with a ligated femoral artery, which constitutes a model of peripheral artery disease (Yang et al. 1994) .
The fact that group III, but not group IV, afferents are stimulated by tendon stretch has been used by many investigators to measure the mechanoreceptor component of the exercise pressor reflex in human subjects. The underlying assumption of these human experiments is that tendon stretch stimulates the same group III afferents as does exercise. We tested the veracity of this assumption in decerebrate cats and found that static contraction stimulated half of the group III afferents that responded to tendon stretch (Hayes et al. 2005) . There is no doubt that tendon stretch reflexly increases arterial pressure and heart rate (Stebbins et al. 1988 ), but our findings cast doubt about the utility of the manoeuvre as an appropriate method of simulating the mechanical component of the exercise pressor reflex.
In the experiments described above, the exercise pressor reflex was evoked by electrically stimulating at a constant frequency (often 40 Hz) the peripheral cut ends of the ventral roots, a manoeuvre which produced a static contraction. The use of electrical stimulation of the ventral roots, which contain α-and γ-motoneurons, has yielded important information about the exercise pressor reflex and the discharge properties of the thin fibre afferents that are responsible for evoking it. Nevertheless, stimulation of the ventral roots does not approximate motoneuron discharge during exercise that is performed voluntarily. For example, α-motoneurons discharge asynchronously during voluntary exercise, whereas they discharge synchronously when one is electrically stimulating the ventral roots. Moreover, α-motoneurons are recruited from slowest to fastest during voluntary exercise, whereas they are recruited from fastest to slowest when one is stimulating the ventral roots.
To address these issues, we adopted a preparation that was based on one used by Waller (1940) and Eldridge et al. (1981 Eldridge et al. ( , 1985 . These investigators found that electrically stimulating either the posterior hypothalamus near the fields of Forel or the midbrain near the cuneiform nucleus in decerebrate unanaesthetized cats evoked locomotion. Subsequently, Tansey & Botterman (1996) showed that the motoneuron recruitment order evoked by locomotion induced by stimulating these brainstem sites in decerebrate cats was almost identical to that evoked in cats performing voluntary dynamic exercise (Loeb & Duysens, 1979) . Using this preparation, we found that the dynamic exercise evoked from electrical stimulation of the midbrain activated group III afferents and that their discharge, for the most part, was synchronized to the contraction phase of the step cycle (Pickar et al. 1994; Adreani et al. 1997 ; Fig. 2) . In a subsequent study, we found that gadolinium greatly attenuated the responses of the group III afferents to dynamic exercise (Hayes et al. 2009 ), a finding which was consistent with our hypothesis that group III afferents responded to mechanical distortion of their receptive fields which occurred during the contraction phase of the step cycle (Figs 3 and 4) . Gadolinium, however, had no effect on the responses of group IV afferents to dynamic exercise (Hayes et al. 2009; Fig. 4) .
We also examined the effect of circulatory occlusion on the responses of group III and IV muscle afferents to dynamic exercise. Using decerebrate cats, we found that group III afferents with endings in the triceps surae muscles responded more to dynamic exercise when the circulation to the working hindlimb was occluded than when the circulation was unimpeded (Adreani & Kaufman, 1998) . Circulatory occlusion had little impact on the discharge pattern of group III afferents during dynamic exercise because firing was mostly during the contraction phase of the step cycle regardless of whether the circulation was occluded or patent . Moreover, immediately after the end of the exercise period the group III afferent activity reverted back to its baseline level of almost 0 impulses s −1 even though the circulation remained occluded ). This last finding indicated that the metabolic byproducts of muscle contraction, which were trapped by the circulatory occlusion, were not able by themselves to discharge group III afferents. Nevertheless, these metabolic byproducts seemed to sensitize group III afferents to dynamic exercise.
Group IV afferents displayed a response pattern different from that displayed by the group III afferents to dynamic exercise. Their response to exercise did not coincide with the contraction phase of the step cycle (Adreani et al. 1997; Adreani & Kaufman, 1998; Hayes et al. 2006 ; Fig. 4) . Moreover, the response to exercise by these unmyelinated muscle afferents was increased by circulatory occlusion (Fig. 5) . In addition, the response was maintained above baseline (pre-exercise) levels when the muscles stopped contracting provided the Exp Physiol 97.1 pp 51-58 circulation remained occluded, a finding which contrasted markedly with the response shown by group III afferents to postexercise circulatory occlusion (Adreani & Kaufman, 1998; Hayes et al. 2006) . Consequently, group IV afferents, unlike group III afferents, appeared to be stimulated by metabolic byproducts of contraction.
Blockade of the cyclo-oxygenase enzyme with indomethacin, which inhibits the production of prostaglandins and thromboxanes, had interesting effects on the responses of thin fibre muscle afferents to dynamic exercise which was evoked by stimulating the midbrain of these decerebrate cats. Specifically, indomethacin reduced the responses of both afferents to dynamic exercise both when the working muscles were freely perfused and when their blood supply was occluded . Moreover, indomethacin abolished the responses of the group IV afferents to postexercise circulatory occlusion . These findings strongly suggest that cyclo-oxygenase metabolites of arachidonic acid produced during muscle contraction serve two purposes. First, these metabolites sensitize group III afferents to mechanical distortion of their receptive fields and second, they directly stimulate group IV afferents.
Our use of the dynamically exercising decerebrate cat preparation yielded two unexpected findings. The first was that a mild to moderate level of exercise stimulated the group III and IV muscle afferents. Even though group III afferents were known to be mechanically sensitive, their stimulation by dynamic exercise in our experiments was surprising because the tension developed at the peak of the step cycle by the dynamically exercising triceps surae muscles was at times only 250-500 g, a level which is very low considering that this muscle group can develop over 10 kg of tension when statically contracted. The second was that the level of exercise by the triceps surae muscles that was needed to stimulate group IV afferents supplying the triceps surae muscles was surprisingly low. In our experiments, the oxygen consumption of the triceps surae muscles that stimulated the group III and IV afferents was only two and a half times its baseline resting level (Adreani et al. 1997) . The triceps surae muscles in cats, however, can Figure 2 . Response of group III afferent to dynamic exercise of left triceps surae muscles induced by stimulation of the midbrain A, before stimulation. Traces (from top to bottom) are EMG from right gastrocnemius muscle, tension from left triceps surae muscles and action potentials (APs) before stimulation of the midbrain. Note that the group III afferent was silent while the cat was at rest. B, response of group III afferent to dynamic exercise of left triceps surae muscles induced by stimulation of the midbrain. Note that the group III afferent discharged in synchrony with the contraction phase of the step cycle. Taken from Adreani et al. (1997) , with permission.
easily increase their oxygen consumption by 10-fold when they contract (Bockman, 1983) .
The significance of both findings, especially the second one, impacts directly on how most exercise physiologists viewed the exercise pressor reflex. Specifically, this view stated that the reflex functioned to restore blood flow to contracting skeletal muscle when blood/oxygen supply was inadequate to meet its metabolic demand (Rowell & O'Leary, 1990) . A corollary to this view was that 'central command' was the primary controller and initiator of the cardiovascular responses to exercise (Eldridge et al. 1981 (Eldridge et al. , 1985 . Consequently, the exercise pressor reflex was viewed as a mechanism that sought to correct a mismatch between blood supply and demand in working muscle. In other words, the reflex was evoked only when the exercising muscles were ischaemic. The mismatch between supply and demand, in turn, was believed to generate 'ischaemic metabolites' that stimulated group IV afferents, whose activation signalled the central nervous system to increase blood/oxygen supply to the exercising muscles. In our experiments, we found that group IV afferents, in particular, were stimulated by a low level of dynamic exercise that showed no evidence of ischaemia or a mismatch between supply and demand in the muscles. Moreover, these group IV afferents, even though they were stimulated by low levels of dynamic exercise, showed no evidence of being mechanoreceptors because they did not respond to stimuli such as gentle probing or pinching their receptive fields or tendon stretch.
Presently, the nature of the stimulus to the group IV muscle afferents that respond to low, non-ischaemic levels of exercise is not known. One possibility is that ATP and lactic acid, either alone or in combination, function in this role. Both substances are known to be produced by moderate, presumably non-ischaemic levels of exercise, and both in concentrations similar to those found in the interstitium of muscle exercising in non-ischaemic conditions evoke inward currents in rodent dorsal root ganglion cells whose axons innervate skeletal muscles (Light et al. 2008) . A second possibility is that group IV afferents are stimulated by the vasodilatation occurring in dynamically exercising skeletal muscle. Dilatation of the vascular bed of the hindlimb muscles of decerebrate cats with vasoactive agents, such as papaverine, has been shown to stimulate the activity of 31% of group IV muscle afferents, but only 16% of the group III afferents tested (Haouzi et al. 1999) . The finding that almost a third of the group IV afferents responded to vasodilatation of the muscle vascular bed is consistent with an electromicrographic report that many of their endings are located in small vessels of the feline gastrocnemius muscles (von During & Andres, 1990) . As group IV afferents do not show much, if any, mechanical sensitivity, one has to wonder whether their response to vasodilatation is secondary to the release of a substance, perhaps a prostaglandin or even nitric oxide.
In closing, the exercise pressor reflex plays two important roles in evoking the cardiovascular responses to exercise. The first is well known; namely, it provides an error signal to the central nervous system that blood/oxygen supply is not adequate to meet the metabolic demand of contracting skeletal muscle (Rowell & O'Leary, 1990) . The evidence for this role is longstanding and is so overwhelming that only a few examples can be cited (Alam & Smirk, 1937; Staunton et al. 1964; Coote et al. 1971; Mitchell et al. 1989; Rowell et al. 1991; O'Leary et al. 1999) . The second role is not well recognized, and the evidence for it is relatively new. Specifically, this role is that the exercise Figure 4 . Mean impulse activity of group III and group IV afferents before and 60 min after 1.0 ml of 10 mM gadolinium The first filled bar represents 1 min of baseline activity, the open bar represents dynamic exercise, and the second filled bar represents the 1 min after exercise. The horizontal bracket represents a significant difference between the response to dynamic exercise before gadolinium and the response 60 min after gadolinium injection. Asterisks represent a significant difference from baseline and postexercise activity (P < 0.05, n = 11). Taken from Hayes et al. (2009) , with permission. pressor reflex is active when blood/oxygen supply does meet metabolic demand in exercising muscles. In addition to the electrophysiological evidence from cats performing dynamic exercise (Pickar et al. 1994; Adreani et al. 1997; Adreani & Kaufman, 1998; Hayes et al. 2006) , evidence is accumulating from human experiments that input from group III and IV muscle afferents plays a significant role in evoking the pressor, cardioaccelerator and ventilatory responses to a low level of exercise (Amann et al. 2010 (Amann et al. , 2011 . Nevertheless, the stimulus for this latter role remains to be discovered.
